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Introduction
Water has received special attention from researchers in fundamental and practical sciences because it has various unique physicochemical properties, and is indispensable for sustaining terrestrial life. 1, 2 Although ice is also a material of scientific interest, much less attention has been paid to this solid material than to its liquid counterpart. The same holds true for analytical chemistry. While water has been used as one of the most important solvents, in which a number of analytical reactions occur, 3, 4 positive uses of ice for analytical purpose have been few.
It has been known that ice is involved in a number of environmental reactions and plays important roles e.g. in the circulation of some molecules of atmospheric importance, such as NO, NO2, and HONO. 5 Ice also adsorbs compounds, such as HCl, and facilitates their reactions on its surface. 6 These roles of ice in the global environment have led to ideas that novel analytical systems can be designed utilizing the chemical properties and functionality of ice. We first developed ice chromatography, in which ice is used as a chromatographic stationary phase. [7] [8] [9] [10] Various compounds can be separated by this method though there is a limitation in its separation capability. The optical properties of ice are also remarkable; it is transparent over a wide wavelength range, from UV to visible region, and is a rare solid material that has a lower refractive index than do usual liquids. We utilized this useful optical property of ice to fabricate a liquid-core ice-cladding optical waveguide. 11 Not only pure ice but also ice involving some impurity is of analytical use. Salt is a common impurity found in natural ice. Such salt-doped ice can be prepared in the laboratory in such a simple way that an aqueous salt solution is frozen. The liquid water phase coexists with ice (WPI) at the temperature higher than the eutectic point of the system. Figure 1 shows a fluorescence micrograph of KCl-doped ice containing fluorescein to visualize the WPI. Interestingly, fluorescent spots are discretely distributed in the ice matrix, suggesting that liquid inclusions are isolated rather than interconnected. We have found that the number density of the liquid inclusions is constant and independent of the type of salt incorporated in ice and its concentration. Figure 2 shows a part of the phase diagram of NaCl/water, which is a typical eutectic system. 13 The phase behavior is well characterized by the eutectic point (E). For the NaCl/water system, the eutectic concentration (ceu) is ca. 4.6 M, and the eutectic temperature (Teu) is -21.3 C (252 K). Ideally, only solid phases are present in Area I at the temperature lower than Teu. Although it is known that complex NaCl hydrates are deposited, NaCl·2H2O is assumed to represent the solid salt phase existing at the temperature below Teu in this figure for simplicity. When the temperature increases past Teu, the salt is dissolved to form the liquid phase. The following discussions are confined in the Area II (<ceu), where the liquid phase coexists with ice. The boundary between Areas II and III is known as the freezing point depression curve.
Phase Diagram of a Binary Eutectic System
When an aqueous NaCl solution is frozen and kept at a temperature, the concentration of NaCl in the WPI is given by cWPI (represented by the horizontal broken line in Fig. 2 ). It should be noted that cWPI is a function of the temperature but is independent of the salt concentration of the entire system. Therefore, the volume of the WPI becomes smaller at a constant temperature as the concentration of NaCl in an original unfrozen solution decreases. The volume of the WPI is calculated from the phase diagram on the basis of the lever rule. Regarding point A in Fig. 2 , the ratio of the total mole of all components in the WPI to that in the solid phase (water-ice) is represented by
where nsalt, nw(WPI), and nw(ice) are the moles of NaCl, water in the WPI, and water in the ice phase, respectively, and x and xWPI are the molar ratios of NaCl in the entire system and that in the WPI, respectively. The molar or mass ratio of two phases can thus be determined with this equation. The volume of the WPI (VWPI) relative to the total volume of the doped ice (Vtotal), can be calculated from the following equation:
where Vice and VWPI are the molar volumes of ice and the liquid phase, respectively. The latter is given by
where mw and mNaCl are the molecular weights of water and NaCl, respectively, and ρWPI is the density of the WPI (in gram per unit volume). Obviously, since X is a function of the temperature and the concentration of NaCl, VWPI/Vtotal is also a function of these parameters. Thus, we can manage the volume of the liquid phase as well as the concentration of NaCl therein by adjusting the temperature and the NaCl concentration in an initial solution before freezing. This scheme is not limited for the NaCl/water system but is applicable to any eutectic system.
Ice Chromatography with Doped Ice as a Stationary Phase
3·1 Adsorption-partition switching When we employ pure ice as a stationary phase for ice chromatography, the solute retention is explained by the hydrogen bonding between a solute molecule and the dangling bonds on the ice stationary phase. [7] [8] [9] [10] This process can be classified as adsorption. When a salt, for example, is incorporated in the ice stationary phase, the liquid phase emerges as discussed above. Under such conditions, a solute can be partitioned into the liquid phase. The salt-doped ice stationary phase was prepared by introducing small droplets of an aqueous salt solution directly into liquid nitrogen. Doped-ice particles of particular sizes (typically smaller than 75 μm) were collected by sieving and packed in an HPLC column. The surface of ice still acts for solute retention by the adsorption mechanism. Thus, the entire retention factor (k) is given by
where kad and kpar represent the retention by the adsorption and the partition of a solute, respectively, Kd (=[s]WPI/[s]mob, the ratio of the solute concentrations in the WPI to that in the mobile phase) is the partition coefficient of the solute, and Vmob is the volume of the mobile phase in the column. The ice surface area is unchanged even when the liquid phase is developed, because the volume of the liquid phase is not more than 1 -2% of the entire volume of doped ice in most of the cases discussed below. Therefore, kad can be regarded as being constant during changes in VWPI. Mixed adsorption-partition ice chromatography was examined with hydroquinone (HQ) and resorcinol (RS) as test solutes. 14, 15 The retention of RS on the pure ice stationary phase is larger than that of HQ, possibly because of the steric preference for RS in the adsorption process on the ice surface. In contrast, the partition of HQ into an aqueous phase is larger than that of RS. Figure 3 illustrates the effect of the NaCl concentration at -10 C on the probe retention of RS and HQ. The retention factors of the probes almost linearly increase with increasing added NaCl concentration. Although the retention of RS is higher than that of HQ on the pure ice stationary phase, an increase in the WPI volume enhances the retention of HQ over that of RS. Similarly, Fig. 4 shows the effects of temperature on their retention on the NaCl-doped and KCl-doped ice stationary phases. As predicted from the phase diagram, higher temperature gives larger VWPI and higher retention.
The kpar terms were calculated on the basis of VWPI and Kd for HQ and RS determined by bulk experiments. As stated above, the kad term was regarded as being constant. The results of the calculations are depicted by curves in Figs. 3 and 4 . The calculations well explain the experimental values. The kpar/kad ratio can be varied in the ranges of 1 -9 for HQ and 0.5 -4 for RS. Thus, we can adjust the retention of solutes over these ranges and switch the dominant separation mechanism between adsorption and partition simply by changing the temperature and/or the dopant concentration.
This approach has been used to detect unusual reactions occurring in the WPI. Crown ethers can be partitioned into the WPI and can form complexes with a cation doped in ice. 16 When the crown ether complexation occurs in the WPI, Eq. (4) is modified as
where K c WPI is the complexation constant of a crown ether in the WPI, and [M + ] WPI is the concentration of the cation contained therein. Since VWPI almost linearly increases with increasing csalt at a constant temperature, the crown ether retention is expected to be proportional to csalt because the other terms in Eq. (5) 
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The K c WPI values for B15C5 determined by ice chromatography in the higher csalt ranges (>20 mM) almost agree with the corresponding K c bulk values. In contrast, the K c WPI values determined in the range of csalt ≤ 1 mM are ca. 30 times larger than the corresponding K c bulk values. A similar trend can be seen in the K c WPI values for B18C6 determined in the low csalt range, albeit its complexation cannot be evaluated in the higher csalt range because of extremely large retention.
The most striking results are found for the complexation of DB24C8. The intrinsic complexation of this crown ether with either Na + or K + is very weak in water because of its too large cavity size. This intrinsically poor complexation is enhanced in the WPI by nearly four orders of magnitude compared to that in bulk water. Similar to the B15C5 complexation in the WPI, the marked enhancement is seen only in the lower csalt range. When csalt > 20 mM, k decreases with increasing csalt, clearly implying that the complexation is also diminished at higher salt concentration.
3·2 Chiral ice chromatography
Chiral chromatography is usually performed on the stationary phase, on which an appropriate chiral selector is introduced through organic synthetic routes. 21 In ice chromatography, we can incorporate chiral selectors in the stationary phase by simply dissolving them in an aqueous solution before freezing. In order to realize chiral ice chromatographic separation, β-cyclodextrin (β-CD) was incorporated as a water-soluble chiral selector. 22 In general, native β-CD is not suitable for chiral separation in a nonpolar medium such as hexane, because solvent molecules are accommodated in the cavity of β-CD and interfere with its chiral recognition. In addition, β-CD molecules do not necessarily take appropriate orientation for chiral recognition when fixed at the ice interface. In the present system, a salt is doped in ice to facilitate the development of the WPI, in which β-CD is dissolved and chiral recognition occurs. Figure 7 shows chiral separations of hexobarbital and 1,1′-bis- 2-naphthol with the ice stationary phase doped with both β-CD and KCl. The circular dichroism spectrometric detection clearly indicates that the enantiomers are successfully separated by the doped ice stationary phase. The effects of the temperature and the β-CD and salt concentrations on chiral separation are comprehensively interpreted in a similar way to the retention on salt-doped ice. The retention factor (k) of a solute is represented by
where K1 and β2 are the association constants for 1:1 (s-CD) and 1:2 (s-CD2) complexes between a solute (s) and β-CD. Since the enantioselectivity in chiral ice chromatography appears only in the kpar term, we can discuss the enantioselectivity of the ice stationary phase on the basis of the difference in k between enantiomers, which allows cancellation of the contribution from the non-enantioselective term, kads:
where ΔK1 and Δβ2 are differences in the complexation constants between enantiomers. Figure 8 shows the relation between the corrected Δk values and [CD]WPI, which was calculated by assuming that β-CD added in the stationary phase was completely dissolved in the WPI. Although data scattering is seen, all of the corrected Δk values are distributed along the solid quadratic curve. From the coefficients of the fitting curve, the chiral ice chromatographic retention data imply that ΔK1 = 1.97 × 10 3 and Δβ2 = 1.56 × 10 5 for the enantiomers of hexobarbital in the WPI. The values determined in a bulk aqueous solution give the broken curve depicted in Fig. 8 . An enhancement of β-CD chiral recognition in the WPI compared to that in bulk solutions is suggested.
Thus, chiral recognition in the liquid phase coexistent with ice is possibly enhanced in comparison with that in the aqueous bulk similar to crown ether complexation.
Electrolyte-doped Ice as Microreactor
The reaction in the liquid phase surrounded by the ice wall has received attention mainly from the environmental community as discussed in the introduction. 5 Most of the previous studies on the reaction in frozen solutions relied on analyses of the reactants after thawing. 23, 24 However, freezing-thawing processes possibly cause unwelcome reactions. In addition, reversible reactions (equilibrium) cannot be evaluated. From this perspective, in situ measurements are more favorable for probing freezing effects on reactions than analyses after thawing. We have employed confocal fluorescence microscopy for this purpose and have found that the liquid phase in a frozen electrolyte basically gives discrete inclusions as depicted in Fig. 1 . This liquid phase can be a novel class of microreactor. A sample was prepared in a home-made Cu cell by freezing an aqueous solution in liquid nitrogen. The sample was then transferred on the stage installed on the Peltier array.
In this microreactor, 8-hydroxyquinoline-5-sulfonic acid (HQS) complexation with Mg 2+ has been examined. 25 the equilibrium concentration in the liquid phase. Lower temperatures therefore give a higher condensation ratio but simultaneously yield a smaller liquid inclusion size. The former positive effect is more or less leveled off by the latter negative effect. The fluorescence signals are proportional to the Mg 2+ concentration in all cases; the highest sensitivity was obtained with a large HQS excess and higher pH as expected from equilibrium considerations. The detection limit defined as 3σ of the background signal was 1.5 nM.
This concentration corresponds to the confinement of magnesium ions at the zeptomol level in an inclusion.
Another expected favorable effect is the promoted complex formation by condensation. A high concentration ratio of the present scheme results not only in high concentrations of Mg 2+ and HQS but also in the promoted complexation between them. The promotion of complexation was simulated on the basis of the complexation constants between Mg 2+ and HQS. The concentration of the 1:1 complex for an equimolar mixture of 10 nM Mg 2+ and HQS is estimated to be 4.5 × 10 -12 M. The complex concentration increases to 1.7 × 10 -7 M by freezing because the analyte concentrations become 200 times higher for 10 mM KCl at -8 C. It should be noted that this effect is confirmed only by in situ measurements because the Mg 2+ -HQS complexes are labile and subject to dissociation by dilution and/or thawing.
It has recently been reported that the kinetics of a pseudo-first order reaction (alkaline hydrolysis of fluorescein diacetate) is enhanced by confinement in the WPI and that the reaction is accelerated to a greater extent as the liquid inclusion size decreases. 26 This is an unusual example of freezing enhancement in the reaction kinetics of the first (or pseudo-first) order, while reaction acceleration by freezing has been known for reactions of the second or higher reaction orders and well analyzed. 27 The molecular mechanism is expected to be elucidated in the near future.
Conclusion and Outlook
The analytical utilization of doped ice has been discussed mainly on the basis of our recent research work. One of the interesting features of dope ice is the formation of a multiphase mixture. The volume ratio of these phases can be controlled by changing the dopant concentration and temperature. This nature of doped ice has recently been used for preconcentration of anlaytes. 28 One thousand-fold concentration was possible by simple freezing with glycerol as a dopant and was applied to the following capillary electrophoretic analyses. Although the molecular behavior can be predicted simply by the phase diagram of the system in some cases, unpredictable results have been found in other cases. 16, 22 Our X-ray absorption fine structure (XAFS) measurements have detected the eutectic transition of the hydration structures of ions around teu.
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However, a small amount of ions are still hydrated even at the temperature lower than teu, 29 and hydrated ions sometimes are transformed into a dehydrated salt over a period of a few hours. 30 A subeutectic liquid phase thus exists and possibly has properties different from that of a bulk liquid. Also, the liquid phase is present even on the pure ice surface near its melting point. 31 This liquid phase is expected to have a different nature from that of bulk water. We have found that this water phase is responsible for the formation of hydrate compounds on the ice surface. 32 Thus, the liquid phase coexistent with ice should have a number of interesting unknown properties.
Enhanced selectivity, reaction extent and rate are particularly useful for designing analytical systems. The compilation of unusual reactions in the WPI will not only help understand its fundamental features but also facilitate analytical utilization of frozen systems.
